A commercially available ruthenium (II) PNP type pincer catalyst (Ru-Macho) promotes formation of amides and imines from alcohols and amines via an acceptorless dehydrogenation pathway. The formation of secondary amides, tertiary amides, and secondary ketimines occurs in yields ranging from 35%-95%.
acceptorless dehydrogenative amide synthesis circumvents the need for a stoichiometric oxidizing agent or sacrificial hydrogen acceptor by evolving hydrogen gas directly from the reaction. 4 A number of laboratories 3a-d, 5 have demonstrated promising catalysts for amide bond formation via dehydrogenation using Ruthenium catalysis. Our group previously employed the Milstein catalyst (1) for the synthesis of polyamides. 6 Others have also applied acceptorless dehydrogenation to the direct synthesis of esters, 7 lactones, 3b, 7a imines, 5e, 8 and pyrroles 3b, 9 . While searching for improved polyamidation catalysts, we discovered in this work that a commercially available, relatively inexpensive catalyst (complex 3, Scheme 1) catalyzed the synthesis of a variety of secondary and tertiary amides, as well as secondary ketimines from alcohols and amines.
Given the potential of acceptorless dehydrogenation for amide bond formation, 10 we sought to identify inexpensive and robust catalysts that could produce amide bonds. Previous studies demonstrated that the catalytic cycle did not rely on redox chemistry at the metal, but rather on metal/ligand cooperation. 5c, 11 In both the Milstein catalyst (1) and the Grützmacher catalyst (2), the catalytic process was proposed to proceed through cooperative interactions of substrates with the basic site of the ligand and with the electrophilic metal centerutilizing catalysts based off the works of Shvo, Murahashi and others 5f, 12 (Scheme 1). A hydrogen acceptor is not necessary because the ligands play an active role in the hydrogen abstraction and liberation process. The bulky ligands in these catalysts, however, may hinder the ability of the substrate to interact with both sites of the complex, which may explain why tertiary amides are difficult to synthesize via reported acceptorless dehydrogenation systems 3a, 3b, 3d, 3e, 5d . Of note, Ru-NHC complexes have also emerged as promising catalysts. 3d-f
The commercially available PNP type ruthenium (II) catalyst, (RuHCl(CO) (HN(CH 2 CH 2 PPh 2 ) 2 )) pioneered by the Saito group (Ru-Macho, Scheme 1, complex 3) has recently been reported to efficiently hydrogenate esters to form the corresponding alcohols. 13 In this context, hydrogenation and dehydrogenation are reversible reactions, we hypothesized that this industrially relevant catalyst could be used for dehydrogenative amide formation. Complex 3 has a number of desirable attributes for our purpose. Firstly, similar to catalysts 1 and 2, complex 3 contains a basic site on the ligand to provide the desired cooperative interactions between the substrate and the metal/ligand framework (Scheme 1, complex 3). Secondly, the ligand in complex 3 is less bulky than those in 1 and 2, which may broaden the substrate scope relative to pincer type ligands. Importantly, the precursor of complex 3 is commercially available and relatively inexpensive. Lastly, it has previously demonstrated robust catalytic activity in ethyl acetate formation from ethanol 7b as well as methanol water reformation, 14 and is used in large scale industrial applications. 13a
Results and Discussion
First, we investigated the feasibility of direct amidation by complex 3, by using 2-methoxyethanol and benzyl amine as model substrates (see SI, Figure S1 ). A number of experimental parameters, including the base, solvent, and H 2 removal were varied. To form the catalytically active complex 3, the pre-catalyst 4 must be activated with a base (Scheme 2). Initial attempts using NaOEt or NaO t Bu as the base resulted in no amide formation.
Upon changing to sodium hydroxide as the base, however, amide bond formation was observed. Because the base appeared to have an effect on direct amidation, the base and counter-ion was further investigated. Among all bases evaluated (LiOH, NaOH, KOH, Na 2 CO 3 , K 2 CO 3 , NaOEt, and NaO t Bu), potassium hydroxide promoted the highest yield of the desired amide (see SI, Figure S1 ). Using KOH as the base, we investigated the solvent effect for this transformation. Among the list of both polar and nonpolar solvents examined, toluene and dioxane gave the highest yield (∼66%). Because catalyst 3 can catalyze hydrogenolysis of esters and amides with the H 2 generated during dehydrogenation, removal of H 2 was necessary prevent the reverse transformation. 13a Indeed, introducing continuous nitrogen flow through the reaction flask afforded almost quantitative amide formation.
With this protocol in hand (1 mol% complex 4, 15 mol% KOH, reflux, toluene, nitrogen flow), several amines and alcohols were examined as coupling partners for amide bond formation. A variety of amides (Table 1 , entries 1-15) were obtained in good to excellent yields, demonstrating the efficiency and versatility of complex 3 in amide bond formation. Simple linear aliphatic alcohols coupled efficiently (entries 1-2). Similarly, aliphatic alcohols with β-branching also produced amides in high yields (entries 3-4). Ether and tertiary amine groups were well-tolerated in the amidation process (entries 5 & 7). An aniline substrate, which is less nucleophilic than aliphatic amines, afforded amide in 79% yield (entry 6). To test whether optically active amines were racemized or not during the amidation, an optically pure amine was subjected to the catalytic protocol. The optically pure amide was obtained in high yield (entry 8), suggesting no significant racemization occurs during the dehydrogenative coupling (see experimental). After successful amidation with a variety of mono-amines and mono-alcohols, diamines (entry 9) and diols (entry 10) were coupled to form diamides in high yields, suggesting the applicability of making polyamides using complex 3. 6 The ability of the secondary amines to undergo coupling stands out (Table 1 , entries 11-15) because previously reported acceptorless dehydrogenation catalysts have limited conversion for forming tertiary amides directly from secondary amines and alcohols 3a, 3b, 3d, 5d or require high catalyst loadings 3e . Morpholine and piperidine were both coupled in 89% and 86% yield, respectively (entries 11, 12). A linear secondary amine with moderate steric bulk was coupled in very good yield (entry 13). Systematically increasing steric bulk of the secondary amine resulted in decreasing yield (entries 13-15). Nevertheless, a more sterically encumbered secondary amine, dibenzylamine, underwent coupling with moderate yield (entry 15). This result suggests that further ligand tuning may open the door to the direct synthesis of more sterically hindered tertiary amides, which are very difficult to access. 1c
Acceptorless dehydrogenative catalysts have also been shown to afford secondary aldimines from primary alcohols and amines. 5e, 8 However, synthesis of secondary ketimines via the acceptorless hydrogenation pathway remains problematic. 8a, 8c Considering that complex 3 could couple secondary amines efficiently, we reasoned that ketimine formation would be feasible. Using complex 3, cyclohexanol and benzylamine were shown to undergo coupling to generate secondary ketimines ( Table 2 , entry 1) in nearly quantitative yields on the basis of GC-MS and 1 HNMR analysis. 15 Borohydride reduction of the resulting imines leads to isolated yields for the reduced products between 40-91%. Our results represent the highest yielding examples of secondary alcohols and amines undergoing dehydrogenative coupling to generate secondary ketimines. More sterically hindered and acyclic alcohols transformed to the corresponding ketimines in moderate yields (entries 2-5).
The ability of complex 3 to form both amides and imines results from the common hemiaminal intermediate generated after the dehydrogenative coupling of the alcohol and the amine (Scheme 3). Typically, the hemiaminal (5a) undergoes another dehydrogenation via complex 3 to create the amide product (5b). However, if the R′ substituent on the hemiaminal is a moiety other than a hydrogen atom, complex 3 is unable to undergo elimination of an equivalence of dihydrogen. Thus, imine formation is favored through dehydration in the case of secondary alcohols due to no other competing pathway.
Conclusions
The catalyst 3 (Ru-Macho) investigated here has shown utility for both amide and imine bond formation through the acceptorless dehydrogenation pathway. As an advance, we demonstrate good reactivity with secondary amines for the synthesis of tertiary amides and an improved synthesis of ketimines from secondary alcohols. The combination of commercial availability, relatively low cost, and general substrate scope makes Ru-Macho an attractive catalyst for amide and imine bond formation. Future studies will focus on stereoselective variants and using these insights towards the construction of polyamides.
Experimental Section

General considerations
All reactions were set up under a nitrogen atmosphere in a Vacuum Atmospheres Company Glove box. Reactions carried out outside of the glove box were performed under a nitrogen atmosphere using standard Schlenk techniques. Toluene was purchased from Fischer Chemical and purged with argon for 2 hours, then dried by passing it through two columns of neutral alumina under argon pressure. Dioxane, DMF, DMSO, chlorobenzene, xylene, and DMF were purchased from Aldrich Chemical Co or Fischer Chemical, and purged with nitrogen for 30 min before use. Amines and alcohols were purchased at reagent grade or higher purity from Aldrich Chemical Co, or Fischer Chemical and purged with nitrogen for 30 minutes before use. [RuHCl(CO)(HN(CH 2 CH 2 PPh 2 ) 2 )] (4) was purchased from Strem Chemicals Inc. and used as received. KOH was purchased from Fisher Chemical, ground with a mortar and pestle in the glove box to a fine powder, and stored in the glove box. Column chromatography was performed using silica gel (Dynamic Adsorbents Inc. Silica, C-18 32-63μ, 60A) and eluted using applied air pressure with the indicated solvent system. All compounds were characterized by 1 HNMR, 13 CNMR, ESI-MS, and IR. NMR spectra were obtained using a Bruker Cryo 500 instrument. All 1 HNMR and 13 CNMR are reported in ppm relative to TMS (0.00 ppm) unless otherwise noted. IR spectra were obtained using a Thermo Scientific Nicolet iS5 iD5 ATR IR spectrometer. GC-MS (CI) was performed using a GCT Premier Micromass MS Technologies mass spectrometer, coupled with a Waters 7890A gas chromatograph. ESI MS was performed using a LCT Premier Micromass MS Technologies mass spectrometer. Table 1 An oven dried 10 mL round bottom flask equipped with a stir bar was brought into the glove box with a reflux condenser. The flask was charged with [RuHCl(CO) (HN(CH 2 CH 2 PPh 2 ) 2 )] (4) (6.0 mg, 0.01 mmol, 1 mol %), KOH (8.2 mg, 0.15 mmol, 15 mol %), toluene (1.0 mL), an amine (1 mmol, 1.0 eq.) and an alcohol (1 mmol, 1.0 eq.) in that order. After all reagents have been added to the flask, the reflux condenser was attached and secured with a keck clamp. The top of the condenser was sealed with a septum and the whole apparatus was then removed from the glove box. Once outside the glove box, the apparatus was equipped to nitrogen flow by inserting an inlet needle supplying a positive pressure of nitrogen into the septum, and an outlet needle connected to an oil bubbler. The reaction mixture was heated at reflux in a silicone oil bath overnight (12 h), then allowed to cool to RT, and the conversion determined by GC-MS (CI). The resulting residue was subjected to flash chromatography with the indicated solvent system to obtain the purified amide in the reported isolated yield. 128.8, 127.9, 127.6, 72.0, 59.2, 42 .9 ppm. The physical data were identical in all respects to those previously reported. 18 
General Procedure for Examples in
N-benzyloctanamide-(
2-methoxy-N-(4-methoxyphenyl)acetamide-(
N-benzyl-2-(diethylamino)acetamide-(
(R)-2-methoxy-N-(1-phenylethyl)acetamide-(
N,N′-(1,4-phenylenebis(methylene))bis(2-methoxyacetamide)-(
2,2′-((oxybis(ethane-2,1-diyl))bis(oxy))bis(N-benzylacetamide)-(
2-methoxy-1-(piperidin-1-yl)ethan-1-one-(
ppm. The physical data were identical in all respects to those previously reported. 22 Table 1 An oven dried 10 mL round bottom flask equipped with a stir bar was brought into the glove box with a reflux condenser. The flask was charged with [RuHCl(CO) (HN(CH 2 CH 2 PPh 2 ) 2 )] (4) (6.0 mg, 0.01 mmol, 1 mol %), KOH (8.2 mg, 0.15 mmol, 15 mol %), and toluene (1.0 mL), an amine (1 mmol, 1.0 eq.) and an alcohol (1 mmol, 1.0 eq.) in that order. After all reagents had been added to the flask, the reflux condenser was attached and secured with a keck clamp. The top of the condenser was sealed with a septum and the whole apparatus was removed from the glove box. Once outside the glove box, the apparatus was equipped to nitrogen flow by inserting an inlet needle supplying a positive pressure of nitrogen into the septum, and an outlet needle connected to an oil bubbler. When the transformation was deemed complete on the basis of analysis by GC-MS (CI), the reaction mixture was allowed to cool to rt. 5 mL MeOH was added, and the resulting mixture was stirred until the solution was homogeneous. NaBH 4 (95 mg, 2.5 mmol, 2.5 eq.) was added through the top of the flask, exposing the reaction to the atmosphere. The solution was stirred for 1 h at room temperature. After 1 h, 3.5 mL 1M HCl was added dropwise. The solution was then diluted with 50 mL of EtOAc, washed with 1M KOH (3 × 50 mL), and finally brine (3 × 50 mL). The organic layer was then dried with MgSO4 and the excess solvent was removed in vacuo. The resulting residue was subjected to flash chromatography. 
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